Effects of aquaculture activities on the environmental parameters and phytoplankton community structure were investigated in a semi-enclosed lagoon located at Semerak River, Malaysia. Elevated concentrations of phosphate and ammonia were observed at the aquaculture area and the inner lagoon. Relatively low dissolved oxygen, high total chlorophyll a, and high phytoplankton abundances but low species richness were recorded. Chaetoceros, Pseudo-nitzschia brasiliana, Blixaea quinquecornis, and Skeletonema blooms were observed, and some were associated with anoxia condition. Eutrophication level assessed by UNTRIX suggests that the water quality in the lagoon is deteriorating. Dissolved inorganic phosphorus and nitrogen at the impacted area were 15 and 12 times higher than the reference sites, respectively. Such trophic status indices could provide a useful guideline for optimal aquaculture management plan to reduce the environmental impact caused by aquaculture.
Introduction
In Malaysia, aquaculture industry has been developed since 1920 and becomes one of the high-value agricultural sectors. Some aquaculture practices have been adopted in Malaysia, i.e., freshwater, brackish water, and marine cultures (Hamdan et al. 2003) . However, with the expending coastal aquaculture operations, more public attention and concerns have been given to the potential impact of aquaculture to the surrounding waters (Sidik et al. 2008) . While finfish cultures brought the highest economic values to the country, this type of culture system has posed the most serious impact to the surrounding environments as compared to other mariculture activities such as seaweed and shellfish cultures (Jiang et al. 2012) .
The increasing severity of the impacts from fish farm effluence has been widely reported worldwide (Alongi et al. 2003; Guo and Li 2003; Navarro et al. 2008; Skejić et al. 2011; Jiang et al. 2013a; Bartozek et al. 2014) . For over three decades, water enrichment with excess nutrients, particularly phosphorus and nitrogen, is the major threat to the balance of coastal marine ecosystem (Andersen et al. 2004) . The combination of both anthropogenic inputs from terrestrial and intensive aquaculture has intensified eutrophication in the coastal waters (Jiang et al. 2013a) ; this subsequently affects sustainable economic development and social benefits of the coastal waters (Bricker et al. 2008; Yang et al. 2008) .
Micro-phytoplankton are the main primary producers of the estuarine and coastal ecosystems (Nixon 1986 ). They assimilate nutrients and organic matters, serving as the main food base to higher trophic levels (Alongi et al. 2009 ). Phytoplankton were widely used as an indicator to measure the changes of ecological and biogeochemical in the water systems as phytoplankton are highly sensitive to various environmental changes, with high growth rate and measurable photosynthetic responses (Paerl et al. 2007 ). The major cause of the shift in phytoplankton community composition and structure has been linked to nutrient increment and changes
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Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11356-018-2389-0) contains supplementary material, which is available to authorized users. of nutrient content (Buyukates and Roelke 2005; Spatharis et al. 2007) . When the ecological balance of aquatic ecosystem is interrupted, the phytoplankton abundance may increase and diversity decreased, sometimes promoting the growth of specific species (Crossetti et al. 2008; Bartozek et al. 2014) . While most algal blooms at the eutrophied water systems have no toxic effects, these non-toxic algal blooms has caused water discoloration that reduced light penetration and developed hypoxia condition, which indirectly leads to the loss of aquatic organisms (Tas and Yilmaz 2015) . Nevertheless, several studies have suggested that the development of harmful algal blooms (HABs) were induced by nutrient enrichment from the fish farm effluent (Buschmann et al. 2006; López-Flores et al. 2006; David et al. 2009; Van Chu et al. 2014; Tas and Yilmaz 2015) . Some HAB species killed the cultured fishes and wild fishes directly by producing ichthyotoxins (e.g., Lim et al. 2014a) ; some produce neurotoxins that accumulated in shellfish and other commercial seafood that affect human and marine organisms (e.g., San Diego-McGlone et al. 2008; Anderson et al. 2012b) .
The main challenge in environmental management is the assessment of the trophic status of estuarine and coastal waters and their risks and impacts from eutrophication (Painting et al. 2007) . Several types of research have been undertaken to investigate waste discharge, nutrient input, altering aquatic environment, and biota near the aquaculture sites. The impact of aquaculture activities towards the trophic status, however, is still poorly understood. The trophic index (TRIX), with a linear combination of the logarithms of four state variables [chlorophyll a content (Chl a), dissolved inorganic nitrogen (DIN), phosphorous (P), and percentage oxygen deficit (aD%O)] and the two scale factors (a and b) based on extended data set in the study areas, was established to characterize the trophic status of seawater. Later, Pettine et al. (2007) revised and proposed UNTRIX because the coefficients a and b differed significantly among study sites.
Semerak River is located in Pasir Puteh District, Kelantan, northeastern Peninsular Malaysia (Fig. 1 ). This river is an important finfish aquaculture area, with more than 1000 farming cages, and clam collection area; it supports the livelihoods of local residents. The finfish cages are located in the enclosed lagoon and are generally protected from strong waves and currents from the northeast monsoon. Hence, this area is considered a potential hotspot of eutrophication and possible HAB as limited water exchanges in the river may form nearly stagnant lagoon water. To the best of our knowledge, there is no study undertaken on aquaculture influence to the water quality and phytoplankton community in this river. The aim of this study was to investigate the influence of aquaculture activities on the phytoplankton community composition in relation to the environmental variables, with the trophic status of Semerak Lagoon assessed using UNTRIX. The presence of potentially harmful and toxic species was also documented.
Material and methods

Sampling site
The study was conducted in Semerak River, Pasir Puteh, Kelantan, Malaysia (Fig. 1) . Large-scale aquaculture activities of finfish and shrimp farming are carried out in the lagoon of the river. The lagoon was formed when the erosion at Bisikan Bayu has resulted in the closure of the river mouth and blocked the way of fishing boats, a new river mouth was then built nearby Tok Bali village (Sa and Boon 2010) .
In this study, water samples from seven sampling sites were taken (T1−T7) between September 2015 and March 2016. Station T1 (N 05°53′ 52.59″ E 102°29′ 1.91″) is located outside the man-made river mouth which served as a control point; this station, the only opening for Semerak River, was highly affected by the wave action. T2 (N 05°53′ 29.8″ E 102°28′ 36.8″) was located at the main stream connecting to the upstream. T3 (N 05°52′ 01.0″ E 102°29′ 29.8″), T4 (N 05°51′ 48″ E 102°29′ 46″), and T5 (N 05°51′ 33.4″ E 102°3 0′ 07.6″) are located at an area with large-scale aquaculture farming. T6 (N 05°51′ 47.9″ E 102°30′ 40.5″) and T7 (N 05°5 1′ 59.3″ E 102°30′ 24.5″) are stations at a mangrove area which is the favorite spot for clam collection. An access road was built across T6 and T7 that separated the mangrove and lagoon. Water circulation in this river is limited and highly influenced by anthropogenic activities.
Additional sampling effort was undertaken between April and June 2016 for trophic index assessment, covering a total of 12 sampling stations (A1-A12) (Fig. 1) . Water samples from the Rawa Island (5°57′ 40″ N, 102°40′ 52″ E) was collected as a control. The Rawa Island is a small, uninhabited pristine island that is within the marine park protected zone of the Perhentian Islands (Department of Marin Park Malaysia).
Field sampling
Water parameters (temperature, salinity, pH, and dissolved oxygen) were measured in situ using a HANNA multiparameter probe (model HI929828, HANNA instruments, Rhode Island, USA). Water samples were collected at 1 m depth using an 8-LVan Dorn water sampler. Duplicate water samples were taken from the sampler and kept cold during transportation to the laboratory. Micro-plankton samples were sampled quantitatively using the same Van Dorn sampler for cell enumeration. The samples were filtered through a 10-μm nylon sieve, backwashed into 50-mL centrifuge tubes and fixed in acidic Lugol's solution.
Sample processing and analysis
For Chl a analysis, 1-L seawater samples were filtered through a Whatman GF/F glass fiber filter (0.7 nominals pore size) under low-vacuum pressure (< 200 mbar, < 20 min duration). The filters were blotted dry, folded in aluminum foil, and kept frozen prior to Chl a extraction. Chlorophyll a was extracted by 90% acetone and measured spectrophotometrically according to the method described in Parsons et al. (1984) .
The filtered seawater samples were undergone nutrient analysis (nitrate, nitrite, ammonia, silica, and orthophosphate) using a HACH DR2800 spectrophotometer (Hach Company, CO, USA). Nutrient concentrations were later converted into nitrate-nitrogen (NO 3 -N), nitrite-nitrogen (NO 2 -N), ammonianitrogen (NH 3 -N), silicate-silica (SiO 2 -Si), and phosphatephosphorus (PO 4 -P). Total nitrogen (TN) was analyzed by a TOC-L analyzer (Shimadzu, Japan) with the Shimadzu total nitrogen module (TNM-1). Eight-point calibration curve (TN, 0−5 mg/L) was plotted for every sample run.
Contour graphs of the environmental parameters were plotted by distances of each station relative to station T1. Hence, T1 is shown as 0 km, followed by 1.24 km (T2), 5.47 km (T3), 6.11 km (T4), 6.91 km (T5), 8.14 km (T6) and 8.76 km (T7).
Cell enumeration and species identification
Micro-plankton sample was enumerated by a 1-mL Sedgewick-Rafter counting chamber under a Leica DM750 light microscope (Leica Microsystems, Heerbrugg, Switzerland) with a 100× magnification. Cell densities in 1 L (cells L −1 ) were calculated from the quadruplicate cell counts. The micro-phytoplankton diatom and dinoflagellates were identified to genus and/or species levels based on the descriptions in Round et al. (1990) , Tomas (1997) and Omura et al. (2012) .
Statistical analysis
Relationship of cell abundance and dominant species to the physico-chemical parameters was analyzed by Canonical Correspondence Analysis (CCA). Prior to CCA, a logarithm transformation [log(x + 1)] of the cell abundance data was performed to lessen the influence of prevalent groups and to increase the weight of rare groups. The Shannon-Wiener index was used to calculate species diversity while the Pielou index was used to calculate species evenness of the phytoplankton in Semerak River.
Assessment of trophic index
Data from the sampling period of September 2015-March 2016 (T1-T7) and April-June 2016 (A1-A12) were used for the trophic index assessment (Fig. 1) , with two data sets from the Rawa Island (PR1, PR2) served as a control. Herein, the sampling sites were classified into control sites (PR1, PR2), river mouth (T1, A9), off-aquaculture area (T2, A6, A7, A8, A10, A11, A12), and aquaculture area (T3, T4, T5, T6, T7, A1, A2, A3, A4, A5) to evaluate the impact of fish farming in Semerak Lagoon.
Unscaled TRIX (UNTRIX) was calculated based on the formula as described in Pettine et al. (2007) : UNTRIX = log (Chl a × aD%O × DIN × PO 4 3− ). Concentrations of orthophosphate PO 4 3− were substituted as total phosphorus was not measured in this study. Clustering analysis using the Ward linkage was performed to appraise the complete linkage between groups on the log-transformed data (PO 4 3− , Chl a, aD%O, DIN, and UNTRIX) collected from all stations along Semerak River throughout the studied period.
Results
Environmental variability in Semerak River
The seasonal distribution of temperature, salinity, pH, and dissolved oxygen at the surface layer of all stations is presented in Fig. 2 . Surface temperatures recorded along the river ranged from 27.58 to 34.24°C (Fig. 2a) . The minimum and maximum values were observed at T2 (December 2015) and T7 (October 2015), respectively. Salinity varied between 1.67 and 30.07 (Fig. 2b) , with the lowest value recorded at the mangrove area (T6); the highest salinity was observed at the river mouth (T1) as a consequence of seawater influx. Semerak Lagoon was under a strong freshwater influence from the upper stream of the river during 1 December 2015, while the highest seawater inflow was observed on 23 March 2015 (Fig. 2b) . pH ranged from 6.39 to 8.5, with the lowest pH observed at T2 and the highest at T1 (Fig. 2c) . The results clearly showed that low pH values were recorded during 1 December to 29 December 2015.
High readings of dissolved oxygen were recorded at T1 for almost every sampling trip (Fig. 2d) , ranging from 62.9% (4.03 mg/L) to 96.5% (6.1 mg/L) at the station. On the other hand, dissolved oxygen at aquaculture area (T3, T4, and T5) were consistently lower than the other stations. The lowest dissolved oxygen was detected on 19 October 2015 at T5, only 18.9% (1.26 mg/L).
Macronutrients
The concentrations of NH 3 -N recorded varied among stations (Fig. 3a) . The highest concentration (28.27 μM) was recorded at T5 on 9 November 2015, whereas the lowest concentration (1.94 μM) was recorded in T2. Higher concentrations of NH 3 -N were observed in the aquaculture area and inner lagoon during September 2015 to January 2016. NO 3 -N and NO 2 -N concentrations have no obvious variation among stations (Fig. 3b) . The highest concentrations of these dissolved nitrogen were observed at T7 on 28 March 2015 (40.41 μM) and the lowest at T6 in 1 December 2015 (9.69 μM).
Relatively high concentrations of PO 4 -P were observed at the aquaculture sites and inner lagoon (Fig. 3c) . The highest PO 4 -P concentration was observed (T5, 9.16 μM) and the lowest concentration was detected at T2 on 29 December 2015 (T2, 0.53 μM). Concentrations of SiO 2 -Si varied between 5.91 to 78.60 μM (Fig. 3d) . The maximum concentration of SiO 2 -Si was observed on 9 November 2015 in T2 and the lowest on 28 March in T3. Overall, the dissolved nutrients had higher concentrations observed between the period of 22 September and 1 December 2015, and lower concentrations of nutrients were observed in March 2016.
In general, the ratios of dissolved inorganic nitrogen and dissolved inorganic phosphorus (DIN:DIP) in all stations were below the proposed Redfield ratio (16:1) throughout the study period (1.0 to 15.4), with an exception in T2 in 26 October and 9 November 2015 that reached the highest ratio of 26.9 (Fig. 4a) . DIN/DIP at seaward stations constantly higher than other stations in the lagoon. Seasonal variation of dissolved silica (DSI)/ DIN ratios varied from 1.2 (T3) to 20 (T2) (Fig. 4b) . The ratio was markedly higher in T2 and T6 than the remaining stations. Apart from a few exceptions, DSI/DIP was consistently higher (Fig. 4c) than 15 ; the ratio reached 364:1 at T2 on 9 November 2015.
The potential limiting nutrients in the environments were compared with Redfield ratio (Si/N/P = 16:16:1). Silica was the least limited nutrient at seaward stations and phosphorus was the second most abundant nutrient, only showing a few limited concentrations in T2. Nitrogen was the least abundant nutrient as compared to silica and phosphorus, only showing an increment during rainy days together with low tides.
Phytoplankton biomass and density
The highest Chl a concentration was recorded in T5 (50.61 μg/L) on 23 March 2016 followed by T2 with 27.58 μg/L on 18 Jan 2016 (Fig. 5a ). Chl a distribution observed in T3, T4, and T5 showed consistently higher concentrations (average of 10 μg/L) than the other stations. Conversely, T1 and T2 had consistently low concentrations of Chl a, with an average of 3 μg/L, except in 18 January where the concentration of Chl a reached up to 27 μg/L in T2.
Generally phytoplankton density ( Fig. 5b ) revealed similar trend as observed in Chl a concentrations, with only a deviation in 23 March, where the highest cell density was observed in T3 while the highest concentration of Chl a was observed in T5.
Phytoplankton composition in Semerak River
A total of 53 micro-phytoplankton genera from five classes of microalgae were identified (Supplementary Table S1 ). The most diverse functional groups were Bacillariophyta (diatom), with 31 taxa found. In this group Chaetoceros, Skeletonema, Leptocylindrus, and Pseudo-nitzschia were commonly found dominant on different time of the studied period. A total of 15 taxa of Dinophyta (dinoflagellate) were recorded; the most commonly found species was Blixaea quinquecornis (previously known as Peridinium quinquecorne ; Gottschling et al. 2017 ) that frequently found dominant at the mangrove area (T6 and T7). Silicoflagellate, chlorophyta, and euglenophyta consisted of one taxon each. Stations T2 to T7 had similar trend of phytoplankton composition and species distribution. On 22 September 2015, Chaetoceros was dominant at all stations, with the highest density recorded in T3 (1,237,120 cells/L), reaching up to 97% of the total composition. Succession of phytoplankton composition was also observed, with decline of Chaetoceros densities and followed by a bloom of Skeletonema at the study sites. On 14 December 2015, a succession of Leptocylindrus was observed and dominated all stations except T1. Skeletonema dominated almost all stations from January to March 2016, with the highest density recorded in T2 (6,774,600 cells/L), making up of nearly 100% of the total composition. Pseudonitzschia brasiliana was found prevailed in T2 to T5 on 23 March 2016, with maximum abundance recorded in T3 (11,978,000 cells/L), taking up 99% of the composition. During the same day, bloom of B. quinquecornis (4,395,000 cells/L) with~100% of composition was recorded in T7. Higher diversities of phytoplankton were observed in T1, and the genera that commonly found dominant were Nitzschia, Meuniera, and Coscinodiscus. Diversity indices in Semerak River varied among stations. Overall, the diversity index (H′) and evenness index varied from 0.879 to 2.097 and 0.231 to 0.561, respectively (Supplementary Table S2 ). The highest diversity and evenness indices appeared at T1 and the lowest was observed at T2. Diversity and evenness indices in T3 to T6 were similar but T7 showed a slightly lower value. Generally, T5 to T7 showed a lower number of species. Meanwhile, T2 had the highest number of species present.
Cluster analysis is used to observe the structure of phytoplankton division among sampling locations (Fig. 6) . Generally, the stations were clustered based on the density gradient of the phytoplankton species that consequently correspond to the geographic locations in Semerak River. Cluster 1 was represented by stations located in the aquaculture site and river mouth. Cluster 2 was represented by stations that located at the mangrove area while cluster 3 was represented by only station T1 which had most distinct phytoplankton abundance and composition compared to other stations.
Harmful microalgae found in the lagoon of Semerak River
Potentially harmful and toxic phytoplankton were identified and recorded throughout the studied period. Through morphological assessment, six bloom-forming genera were recorded, with some have been reported in literature to be responsible for fish kill incidents. These included Akashiwo sanguinea, Chaetoceros spp., Tripos spp., B. quenqicornis, Noctiluca scintillans, and Skeletonema spp. Four potentially toxic phytoplankton belong to Dinophyta were recorded: Alexandrium, Dinophysis, Prorocentrum, and Lingulodinium. The diatom Pseudo-nitzschia spp. which were associated with amnesic shellfish poisoning (ASP) were also found in the samples. The occurrence rate of potentially harmful and toxic phytoplankton and their maximum densities at different months and stations are shown in Table 1 .
Relationship between cell density and the environmental variables
In order to elucidate the inter-relationship between the environmental parameters and the phytoplankton abundance, CCA was performed (Fig. 7) . The biotic data were represented by diatoms, dinoflagellates, Chl a, and the commonly found abundant species. Environmental physical parameters of pH, salinity, temperatures, and dissolved oxygen along with chemical parameters PO 4 -P, NH 3 -N, NO 3 -N, NO 2 -N, TN, and SiO 2 -Si and the ratios DIN/DIP, DIN/DSI, and DSI/DIP explained the variations in the phytoplankton distribution throughout the studied period. The first two ordination axes had eigenvalues of 0.07 and 0.013, respectively, which explained 82% of the observed variance within the data set. The correlation coefficients between these axes and the environmental variables showed that the first axis was correlated with dissolved oxygen, NH 3 -N, NO 2 , SiO 2 -Si, TN, DSI/DIN, DSI/DIP, temperature, salinity, and pH, while the second axis was correlated with PO 4 -P, NO 3 -N, and DIN/DIP.
The CCA showed correlations between abiotic variables and the density of total phytoplankton and bloom species. The 13 environmental variables affected phytoplankton distribution at different degrees. The second axis clearly separated diatom from dinoflagellate groups. The abundances of Chaetoceros spp. and Leptocylindrus spp. were strongly affected by dissolved oxygen, DSI/DIP, and NO 2 -N; Skeletonema spp. was positively correlated with DIN/DIP and NO 3 -N; and Pseudo-nitzschia spp. was strongly correlated with NO 3 -N and pH but negatively correlated with SiO 2 -Si, NH 3 -N, and TN.
On the other hand, dinoflagellates were positively correlated with both TN and NH 3 -N but negatively correlated with NO 3 -N and salinity. B. quinquecornis had more affinity towards PO 4 -P and TN. Furthermore, these species also showed a decreasing demand towards DIN/DIP and DSI/DIP and an increasing demand of PO 4 -P.
Unscaled trophic index
The water quality in Semerak River varied spatially. The control sites and river mouth stations were relatively low in nutrients while the inner part of lagoon, especially the aquaculture area, was characterized by high levels of nutrients. A summary of the means and standard deviations of the water quality at the different zones of the river is given in Table 2 .
Mean concentrations of nutrients (nitrogen, phosphorus, and silica) were always higher in Semerak River than in the control sites. The mean temperature was also higher in the river (30.56-32.02°C) than the control sites (28.76-29.04°C). Conversely, salinity and pH were lower inside the aquaculture area and the inner lagoon as compared to others. The lowest mean value of dissolved oxygen (3.18 mg/L) was detected in aquaculture area. The UNTRIX eutrophication index ranged in 5.59-5.93 in the control sites, 6.76-7.42 in the river mouth, 7.02-7.88 in the area outside aquaculture farm, 7.98-8.82 in aquaculture area, and 7.82-9.00 in the lagoon. Water quality is always fluctuating when subject to different surrounding factors. Hence, throughout the studied period, different trophic levels were observed at the same station. Cluster analysis grouped the 124 data set from different sampling periods and stations into different trophic levels based on the five parameters: PO 4 3− , DIN, Chl a, aD%O ,and UNTRIX. The dendrogram revealed that the stations were generally classified into five groups (70% similarity): G1, G2, G3, G4, and G5. The control sites (G1) was grouped with G2 and G3 at the similarity level of 63% whereas G4 and G5 were distinctly clustered (similarity at~38%). All stations with different sampling period were arranged relative to the density gradient of environmental parameters that consequently corresponding to the geographic locations in the study sites. G1 was represented by the control sites; G2 and G3 were mainly represented by stations outside the aquaculture farm (57%), river mouth stations (24%), a few stations from the aquaculture areas (12%), and inner lagoon (6.9%), while G4 and G5 were generally comprised of stations in the aquaculture area (59%) and inner lagoon (37.5%). Comparison of the mean and standard deviation values of UNTRIX, TQR TRIX , and the trophic scale classification with the corresponding environmental parameters for the different groups derived from the cluster analysis is presented in Supplementary  Table S3. UNTRIX showed increasing values from offshore areas to the lagoon, with the highest UNTRIX value (8.69 ± 0.4) recorded suggesting water quality near the aquaculture area and the inner lagoon was relatively poor when compared to the control sites (Fig. 8) . Based on the scale of TQR TRIX ratio (Pettine et al. 2007 ), water quality of G1 (1.6%) is classified as Bhigh,^G2 (24%) and G3 (22.6%) are classified as Bgood,â nd G3 (30.6%) and G4 (21%) are classified as Bmoderate (  Fig. 8) . The control sites had lower PO 4 3− , DIN, Chl a, and UNTRIX values when compared to other groups. However, the percentage of dissolved oxygen deficit was about the same as G2 and G3, probably due to the low photosynthesis rate. G2 and G3 had almost similar PO 4 3− , DIN, and aD%O values, but G3 had higher value of UNTRIX which was likely contributed by the higher Chl a concentration as compared to G2. Higher concentrations of PO 4 3− , DIN, and dissolved oxygen deficit percentage were observed at G4 with a lower Chl a and UNTRIX value when compared to G5. G5 had the highest value of UNTRIX likely contributed by the high concentrations of Chl a. Generally, G4 and G5 had the highest dissolved organic nutrients, Chl a, oxygen deficit percentage, and UNTRIX values.
The water quality of the river was related to an apparent tendency of gradual increase in nutrient concentrations, Chl a, aD%O, temperature, and a decrease in salinity from G1 (high) to G4 and G5 (moderate) (Fig. 8) . The mean PO 4 3− value in the Bmoderate^trophic scale was about 3 and 13 times higher compared to the value detected in Bh i g h^( 3 7 . 5 μ g / L ) a n d Bg o o d^t r o p h i c s c a l e s (166.35 μg/L). The arithmetic mean DIN concentration in the Bmoderate^water types (1622.32 μg/L) was found to be 9 and 14 times higher than those observed in Bhigh( 113.5 μg/L) and Bgood^(1398.7 μg/L) water types. Expectedly, higher average values of Chl a and aD%O appeared in Bmoderate^water types as compared to Bhighŵ ater types. The average value of Chl a for G5 (20.82 μg/ L) was found~30-fold lower than G1, while the calculated mean aD%O value for G1 was found substantially lower (~4 times) than those observed for the Bmoderate^water bodies (Fig. 8) . S13A5  S1T5  S3T3  S4T4  S1T4  S3T4  S3T5  S13A1  S4T5  S11T7  S9T7  S2T7  S4T3  S8T7  S15A3  S8T3  S8T4  S8T5  S11T6  S8T6  S14A3  S2T5  S5T4  S2T4  S5T5  S5T3  S7T3  S2T3  S7T5  S7T7  S5T6  S14A1  S15A2  S3T6  S15A1  S1T6  S1T7  S3T7  S5T7  S6T5  S14A12  S6T4 S9T3 S15A5 S14A4 S12A5 S6T3 S13A12 S12A4 S13A3 S10T3 S9T4 S9T5 S10T7 S10T4 S11T5 S10T5 S12A2 S13A2 S12A3 S1T3 S9T6 S10T6 S12A1 S14A2 100 G1 G2 G3 G4 G5 S1T2 S6T6 S2T6 S15A6 S14A9 S15A10 S1T1 S15A9 S13A9 S15A8 S13A8 S15A7 S13A6 S13A10 S9T1 S5T1 S12A9 S12A10 S2T1 S3T1 S6T1 S3T2 S4T2 S10T1 S5T2 S7T6 S2T2 S8T1 S6T2 S7T2 S8T2 S11T3 S11T4 S12A12 S14A11 S15A12 S10T2 S7T1 S9T2 S15A11 S12A6 S12A11 S6T7 S12A7 S13A4 S11T1 S11T2 S14A7 S14A5 S14A6 S7T4 S13A11 S12A8 S13A7 S14A10 S14A8 S15A4
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Discussion
Influence of aquaculture activities on the water quality
Abiotic variables such as temperature and pH showed temporal changes and were affected by the movements of seawater and freshwater; however, dissolved oxygen showed spatial changes with relatively low concentrations observed at the aquaculture area. The level of dissolved oxygen increased with distance from aquaculture site indicates localized impact of low dissolved oxygen. A similar phenomenon was observed in the aquaculture areas of Hong Kong, where dissolved oxygen was drastically reduced at sites with a high stocking density of cultured fish and low tidal flushing area (Wu et al. 1994 ). Other than aforementioned factors, high oxygen consumption are more likely to be observed at bottom sediment area with high decomposition of organic matter (Wu et al. 1994; Tovar et al. 2000; Liu et al. 2001; Jiang et al. 2013a; Price et al. 2015) . Nonetheless, replenishment of dissolved oxygen concentrations was observed in the study during certain sampling time, especially in event of seawater intrusion that favored vertical mixing. Nutrient loading from fish farming is one of the most serious negative impacts that leads to eutrophication of coastal waters (Yang et al. 2008) . In the present study, a high concentration of ammonia and phosphate were found in the aquaculture area and the inner lagoon, and the concentrations in the river declined when further away from the farm. This suggested the discharge of high level of nutrients released from the farm. In the study area, trash fish was commonly used as a feed for the farm organisms. According to Warrer-Hansen (1982) , when trash fish is used in fish farming, food wastage and leaching of nutrients are expected to be several times higher than commercially produced pelleted feed. The most apparent effects can be seen in the semi-enclosed or enclosed waters, where slow water movement could not efficiently dilute and disperse the effluence from the fish farm, nor facilitate mixing and biological activities (Alongi et al. 2009 ). Moreover, the stock density, number of cages, depth, and retention time of water at the area determined the amount of wastewater (Guo et al. 2009 ). In the studied site, there were approximately 1000 aquaculture cages located near the shallow enclosed lagoon (2-5 m depth) that often experienced poor water circulation. The area might restrict water flows and exchanges in the farm areas which resulted in a high accumulation of nutrients. This condition could be exacerbated by the slow water flow velocity due to the rafts and nets, therefore, minimized the diversion and diffusion of overloaded nutrient (Jiang et al. 2013b ). Nutrient loaded from aquaculture cages especially nitrogen, phosphorus, and some organic matters often enrich the water and its underlying sediment at area especially with long water retention time (Alabastar 1982; Figueredo and Giani 2005; Bartozek et al. 2014 ). These findings are consistent with the previous studies investigating fish farm impact at the man-made Changshou Reservoir (Zhang et al. 2006) , shallow bay in Yangtze River basin, China (Guo and Li 2003) , Weihai coastal area, China (Li et al. 2017) , flush restricted, shallow coastal waters of Bolinao, Philippines (San Diego-McGlone et al. 2008) , and semienclosed Xiangshan Bay, East China Sea (Jiang et al. 2013a ). Some studies, on the other hand, found no increase of nutrients in the fish farm or nearby water; Bartozek et al. (2014) reported no significant differences in nutrient concentrations in a smallscale fish farms that greatly influenced by upstream rivers inflow at subtropical Brazilian reservoir. Studies off the west coast of India also found no significant differences in dissolved nutrients at the open sea fish farms (Prema et al. 2010) . The reasons for this discrepancy could be explained by the hydrodynamic variability that driving the changes of the abiotic variables (Diaz et al. 2001; Nogueira et al. 2010 ). This clearly indicates that effect of fish farming towards water quality can be greatly minimized by reducing the cultured fish density and selecting sites with high water circulation and tidal flushing. Water residence time or flushing time determined the amount of nutrients to be discarded from the system, to the atmosphere by denitrification or to the bottom sediments by deposition (de Jonge et al. 2002) . Unfortunately, data of water residence time was not available in this study for comparison; this information would provide a better understanding of the nutrient distribution in Semerak Lagoon.
Samples from September to December 2015 showed peaks of all nutrients accumulated at the inner lagoon and gradually dispersed to the outer part of the river during low tides. These results were coincided with strong precipitation and low tides during the sampling period, suggesting the contribution from increased runoff and out-welling of organic and inorganic nutrients from the sediment. The relative higher concentrations of nutrients from the inner lagoon reflect the phenomenon of nutrient accumulation at aquaculture site and out-welling might happen at the mangrove area (cf. Dittmar and Lara 2001) . However, soluble nutrients will not always accumulate at the area where they are released. Their distribution may be influenced by the quick assimilation of input nutrients in the microbial food web or uptakes by phytoplankton (cf. Navarro et al. 2008; Pitta et al. 2009 ), current flows, and mixing throughout the river (cf. Nogueira et al. 2006) . For instance, the low availability of silica in the water was observed corresponding to high diatom densities, hence, indicating intensive consumption of Si by the diatoms during the bloom events (Khairy et al. 2014 ; this study).
Impact of aquaculture activities on the phytoplankton community
Phytoplankton is vulnerable towards the environmental variability and it thus serves as a useful biological indicator to study environmental pollution caused by human activities (Parmar et al. 2016 ). Semerak River is mainly influenced by freshwater inflow from the river upstream during heavy precipitation and seawater intrusion during high tides. Therefore, a combination of species composition from freshwater, brackish, and marine species was observed. Diatoms comprised the major component of the phytoplankton density and biomass. In addition, the growth of diatoms is facilitated by sufficient dissolved silica presented in the water and was likely causing the blooms at the aquaculture area (Zhaohui et al. 2009 ). The dominating diatom was presented by the chain-forming genera such as Pseudo-nitzschia, Chaetoceros, Skeletonema, and Leptocylindrus. These genera were always reported in higher abundances in the estuarine waters that are under anthropogenic pressures Zhaohui et al. 2009; Khairy et al. 2014; Ninčević-Gladan et al. 2015) . These diatoms species may be found dominant at the same time, or in an alternate manner that resulted in higher levels of Chl a. Eutrophied environments are always represented by higher abundances of diatoms, and this could be ascribed to their resilient ability towards extreme level of organic matters (Celekli and Külköylüoğlu 2007; Wehr 2011; Davies and Ugwumba 2013) and because of the high propagation rate, small diatoms are more competitive in the eutrophic waters (Riegman 1995) . Waters with majority of diatoms are generally classified as polluted waters (Krumme and Liang 2004) .
In the CCA biplot, salinity and pH appeared as the main environmental factors controlling the cell abundances. Different connections were observed between diatoms and dinoflagellates with dissolved nutrient levels. This indicated that the two major phytoplankton groups each preferred different nutrients, leading to the alternating appearance of dominance and densities of the phytoplankton species in the field (Zhaohui et al. 2009 ). The abundance of Pseudo-nitzschia spp. was highly influenced by aforementioned environmental factors, nitrate was the most important nutrient regulating the growth of this species, and growth rates were inversely related to ammonia concentrations. Smayda (2006) stated that nitrate and ammonia played a significant role in regulating domoic acid (DA) production and affecting the abundance of Pseudonitzschia spp. Nonetheless, Pseudo-nitzschia spp. was found to be sensitive towards high concentration of ammonia which may interfere with the nitrate metabolism; the growth rate, however, was found to increase when the ammonia/nitrate ratio decreased to the lower levels (Hillebrand and Sommer 1996) . The high abundance of Pseudo-nitzschia spp. was more likely appeared to be corresponding to increasing nutrient input and thus attributed to eutrophication (Smith et al. 1999; Dortch et al. 2000; Parsons and Dortch 2002) . Likewise, bloom of some species in the genus has been reported in estuaries with high nitrogen loading (Bricker et al. 2008 ) while bloom of other species in the brackish waters was attained to the optimum physical condition that promoted the growth of Pseudo-nitzschia (Tas and Lundholm 2016) .
The increase in nitrogen and phosphorus concentrations together with sufficient silica was likely triggering the blooms of the chain-forming Skeletonema, Chaetoceros, and Leptocylindrus. Nutrients released from fish farms have been found crucial in accelerating primary production (Dalsgaard and Krause-Jensen 2006; Skejić et al. 2011) . Laboratory experiments conducted by Gao et al. (2012) have suggested that direct source of nutrients like dissolved organic nitrogen that supported the growth of phytoplankton come from trash fish wastes.
The dinoflagellate B. quinquecornis were found dominant in the shallow water of the mangrove area. Horstmann (1980) deemed that B. quinquecornis preferred eutrophic environment especially under polluted condition and were always found to be abundant in the near-shore with high inorganic nutrients. A similar result was observed in the brackish fish ponds in Terengganu, Malaysia, where bloom of B. quinquecornis was reported during the dry weather with high concentrations of dissolved organic and inorganic nutrients (Shamsudin et al. 1996) . The species belongs to brackish water species that tolerates wider range of salinity regimes and commonly found dominant in the brackish system (Gárate-Lizárraga and Muñetón-Gómez 2008; Aké-Castillo and Vázquez 2011). This is concordance with the high abundance of B. quinquecornis observed in the inner lagoon of Semerak River in this study.
In the present investigation, phytoplankton densities were higher inside the fish farms than those outside, and the results clearly established a relationship between effluence from the fish farm and the densities of phytoplankton. These finding was supported by the previous studies showing the impact of fish farm input on the primary productivity especially in semienclosed, shallow bays (Nordvarg and Håkanson 2002; Song et al. 2004; Pitta et al. 2005) . The concentration of dissolved macronutrients and the ratios between these nutrients in the water column are the key parameters regulating the phytoplankton community. The influence of nutrient towards an abundance of phytoplankton and primary production were also observed in other studies (Zheng and Shen 2001; Peng et al. 2002) .
There was one exceptional event observed in this study during low tide where the highest concentration of Chl a was associated with a high cell density of Skeletonema spp., recorded at T2 not inside the aquaculture area. During high tide, when seawater flushed in, high density of phytoplankton always accumulated at the lagoon. While during low tide, cells were distributed more evenly throughout Semerak River and sometimes accumulated at one area, suggesting the highdensity cells were originated from the inner lagoon. Similar results were observed in the study of Trigueros and Orive (2000) at Urdaibai estuary.
In the present study, phytoplankton richness was similar between the fish farms and the main river, but lower species diversity and evenness were observed inside the fish farm when compared to outward of Semerak River. According to Patrick (1973) , a community with a fairly high number of species and low diversity was highly affected by organic pollutant from aquaculture area. Likewise, a similar result has been demonstrated by Acuña et al. (2008) where an area with nutrient-enriched treatments and where phytoplankton biomass increased but diversity decreased. In T2, the location with high water mixing has resulted in the highest species richness. However, due to the outflow of high abundance of Skeletonema spp. dominated in the area in 18 January, overall species diversity and evenness declined. Low species diversity, however, was observed at T7; this might due to the fast water movement with shorter water retention time in the area (Train et al. 2005; Dias and Huszar 2011) .
In this study, the cluster analysis (Fig. 6 ) revealed a certain degree of phytoplankton differentiation among stations and separated them into three major groups. Stations in cluster 1 were subjected to poor water movement and received the highest impact from fish farms, while cluster 2 exhibited the least disturbance from water mixing, with the highest water retention time. Cluster 3 was represented by stations on the river mouth which received the least impact from fish farms and subjected to daily variation in tidal cycles and strong wave actions. Lower species density was observed in stations of cluster 3 than the other stations. A similar trend was demonstrated in other studies, whereby high flushing rates areas had a low abundance of phytoplankton (Gianesella et al. 2000; Lim et al. 2014b) . Moreover, an area with continuous wave action and tidal stirring might influence the phytoplankton bloom and resulted in a shift of phytoplankton community (Cloern 1991) . As mentioned in the previous studies, phytoplankton composition and abundance were generally affected by nutrient, salinity, temperature, circulation, and other environmental factors (Dawes 1998; Lewitus et al. 1998) . All these factors might affect the phytoplankton community composition and abundances of the three clusters.
Harmful microalgae found in Semerak River
Potentially toxic species Some species of Alexandrium were found throughout the sampling period. One-third of Alexandrium species have been confirmed to produce a group of neurotoxins saxitoxins (STXs) (Kodama 2010; Anderson et al. 2012a) . Consumption of shellfish contaminated by these neurotoxins can lead to paralytic shellfish poisoning (PSP) (Backer et al. 2003) . In some countries, the presence of Alexandrium cells of as low as 20-100 cells/L in an area could trigger actions like closure and ban of shellfish harvesting (Anderson et al. 2001 ).
However, throughout the studied period, there is no shellfish toxicity that has been associated with the presence of A. pseudogoniaulax and no production of any PSP-toxin analogues has been reported from this species (MacKenzie et al. 2004) . To date, several PSP cases caused by Alexandrium spp. have been documented in Malaysia, including several fatal cases (Usup et al. 2002b; Lim et al. 2004) . For instance, shellfish contaminated by A. tamiyavanichii caused poisoning cases in Sebatu, Malacca and Kuantan, Pahang (Usup et al. 2002b; Mohammad-Noor et al. 2017 ); meanwhile, bloom of A. minutum at Tumpat, Kelantan, has caused one death and six persons hospitalized (Usup et al. 2002b; Lim et al. 2004 ); blooms of A. minutum recurred in 2015-2016 . The species has been shown to exhibit some growth adaptive advantages under unfavorable environmental conditions (e.g., excess organic N, ammonia or urea) that may lead to succession of blooms (Hii et al. 2016) .
The dinoflagellate Dinophysis caudata was found in Semerak River. The species have been reported to responsible for diarrhetic shellfish poisoning (DSP) by contaminating the shellfish with okadaic acid and Dinophysis toxins. The toxins have been previously detected in the green mussels (Perna viridis) in Singapore (Changi, Punggol, and Sungei Buloh) (Holmes et al. 1999 ) and D. caudata, the most frequent and high-density species present, was believed to be the causative algae (Holmes et al. 1999) . Shellfish are exposed to high risk of contamination by Dinophysis because they share similar habitats in nature .
Lingulodinium polyedrum was found in low density throughout the sampling period. The species is known to produce yessotoxins (YTXs). The production of YTXs by this species was first detected by Paz et al. (2004) , and high levels of YTX and homo-YTX were detected in mussels (Mytilus galloprovinvialis) which were collected from the Adriatic Sea during L. polyedrum (= Gonyaulax polyedra) bloom in 1998 (Draisci et al. 1999) . The occurrence of massive blooms of this species and its involvement in YTX toxicity in Adriatic was attributed by eutrophication (Marasovic et al. 1995; Gladan et al. 2010 ). This species bloomed in the coastal waters of Colima, Mexico (Quijano-Scheggia et al. 2013) . It might be a threat to shellfish safety at the inner lagoon of Semerak River if the species bloomed.
High densities of Pseudo-nitzschia brasiliana were occasionally observed in Semerak River. Some species of Pseudonitzschia are potentially ASP toxin producers and were frequently found in Malaysian waters (Lim et al. 2012a, b, c; Teng et al. 2013 Teng et al. , 2014 Teng et al. , 2016 . Over the last two decades, the blooms of this toxic species have increased globally (Dortch et al. 1997; Trainer et al. 2002; Bates and Trainer 2006; Anderson et al. 2010; Lelong et al. 2012 ). Yet, due to the limited toxins screening on commercial shellfish, areas with the presence of Pseudo-nitzschia spp. cannot be assured as ASP safe.
Bloom-forming species
The highest density (3460 cells/L) of Akashiwo sanguinea was found in T4. The species is known as harmful but not toxic (Kudela et al. 2005) and is capable to form large blooms that caused water discoloration (Horner et al. 1997) . The massive bloom has been reported to caused seabird death by saponification (Jessup et al. 2009 ). To date, there is no fish kill incident caused by A. sanguinea in Malaysia but they are commonly found in aquaculture areas (Mohd Razali et al. 2015) .
In Malaysia, species of Prorocentrum have been reported to cause massive fish kill (P. minimum; Lim et al. 2012d; Usup et al. 2002a ) and adverse impact on the shellfish industries (Mohammad-Noor et al. 2004; Tan et al. 2012) . Besides, several reports have pointed that P. micans caused shellfish kills in South Africa (Horstman 1981) and Portugal (Pinto da Silva 1956). In addition, bloom of this species had caused tones of cultured milkfish killed in the Philippines (Azanza et al. 2005) , and similar case had been reported in Turkey (Turkoglu and Koray 2004) . Although some studies showed that P. micans was capable of forming massive blooms but usually was considered harmless (Taylor and Seliger 1979; Sundstrom 1990 ), however, the harmful impact can never be underestimated especially in a bloom condition.
Several groups of non-toxic bloom-forming species like Chaetoceros spp. and Tripos spp. were always recorded in Semerak River. Since 1961, Chaetoceros spp. have been reported to be responsible for fish kill event (Bell 1961 ) and kill salmonids at a density as low as 5 cells/L (Bell et al. 1974) . Chaetoceros spp. consist of heavily silicified and barbed setae which are brittle and can cause fish gills irritation or lesion (Montelli 2015) , followed by mucus productions and finally caused the mechanical damage of the gill, and subsequently massive fish death may occur (Bell 1961) . Another bloomforming species Tripos spp. is widely found around Malaysian coastal waters (Lim et al. 2012d; Tan et al. 2013; Mohd Razali et al. 2015) . In this study, four species were identified, they are Tripos furca (formally known as Ceratium furca), T. muelleri (formally known as Ceratium muelleri), T. fusus (formally known as Ceratium fusus), and T. contrarius (formally known as Ceratium trichoceros). Similar to Chaetoceros spp., high density of these species could result in fish mortality due to clogging or damaging the fish gills (Glibert et al. 2002) . In Malaysia, red tide caused by C. furca was first reported in 2007 in Lumut, Perak (Fishery Research Institute 2007) . The same species had formed blooms on the northern of Malacca Strait but no fish kill incident was reported (Lim et al. 2012d) . Throughout the sampling in Semerak River, no fish kill event was cited being attributed to Tripos spp. even though the species was commonly found in T2 (outside aquaculture area).
Another non-toxic bloom-forming species B. quinquecornis was often recorded especially in the mangrove area. However, no fish kill event reported during B. quinquecornis bloom, probably due to the distance of fish farm from the blooming site. At Terengganu brackish fish farm (Shamsudin et al. 1996) and Yemeni coastal waters, Southern Red Sea (Alkawri et al. 2016) , blooms of B. quinquecornis had resulted in massive fish kills. Blooms of these non-toxic species has been reported to cause clogging and damage of fish gills due to mucus secretion and asphyxiation (Claereboudt et al. 2001) .
Bloom-forming species Noctiluca scintillans was commonly observed in T1. This cosmopolitan species have been reported to form blooms in China, Hong Kong, and Japan (Huang and Qi 1997) ; Turkey (Turkoglu 2013) ; and Saudi Arabia (Mohamed and Mesaad 2007) . In the Penang and Tebrau Strait, this species was reported to form bloom and resulted in water discoloration (Jothy 1984) . According to Huang and Qi (1997) , although N. scintillans was not as harmful as other toxin producers, the outbreaks in China had created an anoxia condition and resulted in large-scale finfish and marine invertebrate mortality especially in the culture farms. Moreover, other researchers had pointed out that this species has been found to accumulate high levels of ammonia and might cause toxic effects to aquatic organisms when the toxic level of ammonia excreted into the surrounding waters during the blooms (Okaichi and Nishio 1976; Fukuyo et al. 1990 ).
Mortality of cultured fishes was observed in the cages during 18 January and 6 March 2016, coincided with the high abundances of Skeletonema spp., comprising > 95% of the phytoplankton composition. Dissolved oxygen concentration dropped to 3 mg/L during the day in the aquaculture areas. Low dissolved oxygen levels or hypoxia due to decomposition of phytoplankton biomass are believed to be the cause of the fish mortality, since the optimum condition for fish growth should be at least 5 mg/L dissolved oxygen in the water (Boyd and Lichtkoppler 1979) . A similar incidence was also reported in Bolinao, where decomposition of S. costatum bloom has resulted in fish kill due to hypoxia (Escobar et al. 2013) . In other studies, high densities of Skeletonema spp. were also believed to cause mechanical damage to epithelium which resulted in gill lesions and disease that cause mortality (Rensel 1992; Yang and Albright 1992; Kent et al. 1995) .
During the studied period, most of the harmful microalgae are found in low densities and no severe impacts have been reported. However, harmful microalgae may form large-scale blooms under favorable conditions that enable them to cause devastating impacts on the surrounding ecosystem and humans.
Eutrophication assessment
Aquaculture activity is considered one of the anthropogenic factors that lead to eutrophication, and it is, thus, important to maintain a healthy environment to ensure sustainability of aquaculture industry. Eutrophication assessment is crucial in monitoring the trophic status of the waters and provides early warning for the trend of enrichment.
The control sites selected in this study was located in pristine water within the Marine Protected Area. According to Malaysia Marine Water Quality Criteria and Standard (Department of Environment Malaysia 2018), the water quality of selected sites is within classes 1 and 2 and showed distinctly different water quality from the impact site. Despite low nutrient concentrations, lower temperature in control sites compared to aquaculture areas was observed. In addition, lower salinity and pH in the impact sites than the control site suggesting the low seawater exchange rate and high water retention period in the river. In addition, high dissolved organic nutrients with low dissolved oxygen concentration and Chl a concentration at the aquaculture area and inner lagoon were observed, probably due to the high rate of decomposition process after bloom incidents that consumed oxygen.
The present study is the first attempt to assess the trophic status of estuary by using UNTRIX approach. The stations were generally divided into three assessment groups: Bhigh,B good,^and Bmoderate.^The parameters ranged between each trophic class were highly overlapped. Besides, water samples from the aquaculture and inner lagoon were classified as Bgood^condition in the cluster analysis in certain times during the study period. This might be related to water mixing and hydrodynamic turbulence of the areas that resulted in fluctuation of the water quality (Palter et al. 2007 ). The instability and high variation of each trophic level implies that eutrophication assessment should be conducted in a longer time frame (Primpas et al. 2010 ) and water movement and seasonal impact should be taken into consideration.
Nutrient concentrations and oxygen deficit in the study sites are several times higher as compared to the Malaysia Marine Water Quality Criteria and Standard. The UNTRIX values calculated in this study show a sign of eutrophication in Semerak River. The highest trophic status of the water of Semerak River based on UNTRIX was at Bmoderate^class. In Semerak River, the UNTRIX values were mainly contributed by Chl a, followed by PO 4 and dissolved oxygen; DIN did not constitute as the main factor. Chl a concentrations in this study were several times higher than the highest concentrations reported in the Izmir Bay (7.8 μg/L) (Yucel-Gier et al. 2011), Italian coastal sites (1.4 μg/L) (Pettine et al. 2007) , and the Mersin Bay (6.7 μ/L) (Kaptan 2013) , despite the fact that primary productivity in an estuary and lagoon are expected to be higher than bay or open coasts (Salas et al. 2008) . To the best of our knowledge, unscaled TRIX has never been used as a trophic status index to classify the trophic level in neither lagoon nor estuary; however, it has been widely applied in different coastal water area (Pettine et al. 2007; Yucel-Gier et al. 2011; Kaptan 2013) . The water mixing in the estuaries is limited and salinity gradient was often observed (George et al. 2012; Coelho et al. 2007) ; hence, further studies are needed to evaluate the feasibility and performance of this index in the assessment of trophic status in a lagoon and other water systems.
Conclusion
The impact of fish farming activities on the water quality and primary production in the vicinity of fish cages in Semerak River was unneglectable. The increase of nutrient input concomitantly with the increase in phytoplankton abundances was an evidence of the rapid assimilation of nutrients by the phytoplankton, particularly the diatoms. The potentially toxic and harmful dinoflagellates were found in low abundances along the river. The limited DIN was likely the factor suppresses the occurrence of monospecific dinoflagellate bloom in the area.
Based on the UNTRIX, the water quality of Semerak River was under the anthropogenic stress despite its low trophic status; the aquaculture site and the inner lagoon were the most impacted areas. Eutrophication is anticipated to intensify at the farming zone and its surrounding water as continuous release of nutrients from the farming area and long-term nutrient accumulation may exceed the environmental carrying capacity (Guo and Li 2003; Guo et al. 2009 ).
The small-scale fish kill in aquaculture witnessed in this study implies the importance to monitor and mitigate not only the water quality but also the phytoplankton community, because numerous potentially toxic or harmful microalgae species have been encountered in the lagoon, posing a potential risk of HABs in response to water degradation. In order to sustain the aquaculture activities and maintain the multiple uses of the estuary, it is crucial to conduct proper management and monitoring programs; good aquaculture practice should be implemented to reduce the impact in the future.
